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Abstract 
The electrochemical oxidation of RB-5 was investigated at thermally prepared Ti/ CuOx, Ti/ NiO, Ti/CoOx, Ti/AgOx electrodes. The 
synthetic wastewater of 100 mg/L Reactive black- 5 was prepared as a model component for electrochemical treatment. The electro-
oxidation was carried out in a discontinuous operation mode under galvanostatic conditions, equipped with a single compartment 
electrochemical cell. The laboratory fabricated DSA electrodes were allowed to decolorize and mineralize RB-5 at 50 mA/cm2 constant 
current density at acidic pH and in presence of chlorine compound. The performance of various electrodes was measured in terms of 
reduction of colour, COD and TOC with respect to time. This confirms that all electrodes are proved to be efficient for colour and COD 
reduction but not very promising for TOC reduction.  
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Institute of Technology Nirma 
University, Ahmadabad. 
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Nomenclature 
COD chemical oxygen demand                             DSA  dimensionally stable anode 
TOC   total organic carbon                                      OER oxygen evolution reaction 
CER chlorine evolution reaction                          BOD Biochemical oxygen demand 
RB-5  reactive black-5                RPM  revolution per minute  
ICE instantaneous current efficiency 
1. Introduction 
The textile industry is one of the longest and most complicated industrial chains in manufacturing industry with a 
demand mainly driven by three main end-uses: clothing, home furnishing and industrial use [1]. Wastewater from printing 
and dyeing units is often rich in colour, containing residues of reactive dyes and chemicals, such as complex components, 
many aerosols, high chroma, high COD and BOD concentration as well as much more hard-degradation materials [1]. These 
aromatic and hetero cyclic compounds, with color-display groups and polar groups  are more complicated and stable, 
resulting in greater difficulty to degrade the printing and dyeing wastewater [2].There are about 10,000 garment 
manufacturers and 2100 bleaching and dyeing industries in India and majority are concentrated in the states of Tamil Nadu, 
Punjab and Gujarat and Maharashtra [1]. The distribution of these units is skewed towards with western region 
(Maharashtra and Gujarat) accounting for 90% [3]. In fact, nearly 80% of the total capacity is in the state of Gujarat [3]. 
These industries produce large amount of wastewater containing high intensity colour and very high COD (25000-27000) 
mg O2/ L [4]. Using primary, secondary and tertiary treatments of physical, chemical, biological, and sludge treatment, 
reduction of high COD, BOD up to the level specified by pollution control board is very difficult. These treated wastewater 
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containing high COD/BOD and colour is then taken back to the environment by mixing it with river or other fresh water 
which pollutes fresh water also. The land near by such type of water absorbs harmful pollutants and gets affected. 
 Feasibility of various advanced oxidation process based on ozone, hydrogen peroxide, UV radiation, sonochemical and 
their combination processes for handling such pollutants are under investigation but their application in industrial scale 
operation is still found difficult [5]. Electrochemical techniques have been receiving greater attention now days due to 
advantages such as versatility, environmental compatibility and potential cost effectiveness [5]. The electrochemical 
technique offers high removal efficiencies but the rate of pollutant degradation depends on the various parameters like 
electrode type [6], electrode base metal, electrode coating metals and its composition, electrochemical cell design, pH, 
current density, types and concentration of pollutants, electrode preparation method, supporting electrolyte and flow rate. 
For electrochemical cell with fabricated electrode, operating parameters like types and concentration of pollutants, current 
density, pH, current density and electrolyte can be optimized.  
 
       It is well known that the electrode material is the key factor in the development of electrochemical oxidation technique 
since the electrode mechanism and products obtained are known to depend on the anode material [7, 8]. The desired 
electrodes must fulfil three requirements; (1) high efficiency in pollutant degradation; (2) high stability under anodic 
polarization conditions; (3) low production costs [8]. DSAs (Dimensionally stable anode) are electrode materials containing 
conductive metal oxides presenting high surface area (roughness) which can be easily modified, excellent mechanical, 
electrical and electro-catalytic properties, immobilized catalyst which can be modulated introducing a modulating 
oxide(binary and ternary oxide mixture), the chlorine and oxygen evolution reaction can be explored and they are 
environmentally friendly electrodes [9]. Electrodes with titanium base metal known as DSA electrodes are “active” 
electrodes and they participate in the oxidation of organics by the formation of higher oxide by indirect oxidation 
mechanism [10]. They distinguish with the “non- active” electrodes which do not participate in the organic oxidation and 
work on direct oxidation mechanism [11]. 
Extensive research work has been done on DSA electrodes for degradation of organic pollutants coated with ruthenium 
oxide, iridium oxide, tantalum oxide, titanium oxide, platinum oxide. Due to high cost of coating materials of these metals, 
fabrication of electrode is not very cost effective.  
 
The aim of the present investigation is to prepare titanium based electrodes coated with transition metal oxides of copper, 
nickel, silver and cobalt instead of using noble and costly metals such as ruthenium, titanium, iridium, platinum etc. for 
decolourization and mineralization of 100 mg/L RB-5 solution at lower pH in presence of chloride ion. The comparison of 
pollutant removal efficiency is than done base on colour, COD and TOC reduction with respect to time.  
2. Materials and methods 
2.1. Precursor preparation  
All reagents for the precursor solutions used in this were chemical reagent grade and used as received.  NiCl2.6H2 O 
(HPLC) 1.188 gm, CoCl2.6H2 O (HPLC) 1.19 gm, CuCl2.2H2O (HPLC) 0.853gm and AgCl2 (HPLC) 0.89 gm (each 0.005 
mol) of metal was dissolved individually in the solvent consisting of 10 mL iso- propanol(99.8% CDH) and 0.5 mL HCL 
(37%, CDH) [8,10]. De-mineralized water (HPLC) was used for the preparation of precursor solution and washing the Ti 
substrate. 
2.2. Electrode preparation  
      Titanium (99.9%, Grade-2, M/S Steel Emporium, Mumbai) plates, 75mm X 65mm X 3mm were used as substrates. The 
electrodes were prepared by thermal decomposition method [10, 11]. Prior to coating, the titanium substrates were polished 
with Sic paper (400–2000 grit), tap water washing, 10 min of ultrasonic cleaning in deionised water and finally etched in 
10% boiled oxalic acid for 1 hour  to remove unwanted oxides and to make the surface slightly rough for proper adhesion of 
coating [12]. 
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RPM to achieve homogeneous dispersion. All the runs were performed at room temperature (35 ࡈ C). In each run, 500 mL of 
the RB-5 dye solution procured from local dye industry (Gayatri Color Chemical, Ahmadabad) was decanted into the 
electrolytic cell. After starting electro-oxidation, samples were drawn for different interval of time for COD, UV (colour) 
and TOC analysis. 
2.3. Analysis and calculation  
     The COD, colour and TOC were chosen as parameters in order to evaluate the effect of electrochemical treatment. The 
UV-vis (UV-1800, Shimadzu, Japan, wavelength range 200-800 nm) spectrum of the initial RB-5 and after electro-
oxidation using various fabricated electrodes was recorded at 597 nm wavelength. The COD values of treated samples of 
RB-5 at different interval of time were measured using standard closed reflux method [13] by COD reactor (Hach DRB200, 
COD reactor, USA). The mineralization of RB-5 after one hour of electro-oxidation using each electrode was measured by 
TOC analyzer (TOC-Vcsh, Shimadzu, Japan). The colour removal ratio was calculated from following equation [11, 14]. 
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 Where CODi and CODf, are initial and final (after electrolysis) values of COD. Same way TOC decays are calculated from 
Eq. (2). Instantaneous current efficiency (ICE) i.e. oxidation ability of the anode material was also calculated using Eq.(3) 
and energy required for oxidation process at operating condition was calculated using Eq. (4)[11, 14]. 
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Where (COD)t and (COD)t+ǻt are the COD values at t and t+ǻt time (seconds) in (mol O2 dmí3), respectively, I is the applied 
current (ampere), F is the Faraday constant (96487Cmolí1), V is the volume of the electrolyte solution (m3), 8 is a 
dimensional factor for unit consistence [11,14].  In Eq. (4) (COD) t and (COD) t+ǻt are the COD values at t and t+ǻt time (hr) 
in (g O2 dmí3), respectively, U is the average cell potential (V), I is the applied current (ampere), and V is the volume of the 
electrolyte solution (L), to get energy consumption in kWh/g of COD reduction. 
3. Results and discussion 
4.1 Decolourization 
 
     Fig 2 represents chemical reaction of intermediates Vinyl sulphone and H acid forming RB-5. The chemical structure of 
RB-5 indicates that it contains two N=N groups known as ‘azo’ groups. An aromatic ring structure coupled with a side 
chain is usually required for resonance and thus to impart colour [15]. When N=N breaks, decolourization occurs forming 
various intermediates. In the structure of reactive dyes [16], primary bond is covalent bonds and secondary bonds are Van 
der Waals, Hydrogen bonding. Covalent bonds are the strongest bonds; and thus reactive dyes are difficult to degrade 
compared to acid or direct type of dyes. 
Due to indirect electro-oxidation mechanism, anodic oxidation reactions are accompanied by transfer of oxygen from water 
to the reaction products [11]. Therefore breaking of N=N brings to decolourization. It is observed from the Fig. 1b that all 
metal oxide coated electrodes are able to decolourize the 100 mg/L RB-5 more than 90% within 20 minutes. It has been 
g
After pre-treatment, the titanium substrates were first brushed at room temperature with freshly prepared different metal 
chloride precursor solutions, dried at 80ƕ C for 5 min to allow the solvents to vaporize, and then calcinated at 550ƕ C for 5 
min. This process was repeated about 15-16 times. Finally, the electrodes were annealed at 550ƕ C for an hour. The final 
oxide loading was about 1.5 mg/cm2. The pH of the solutions was measured by pH meter and adjusted pH 2 by adding 1N 
H2 SO4 solutions. Electrodes prepared as described (Ti/NiO, Ti/ CuOx, Ti/CoOx and Ti/AgOx) were used as anodes and 
stain less steel (304) was used as cathode, both at 8 mm apart in each experiment. Both the electrodes were connected to a 
DC power supply (Fig. 1a) for controlling the constant current density (50 mA/cm2). Magnetic stirring was done at 150 
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(a) (b)
Fig 1. (a) Schematic diagram of experimental batch reactor (b) % Colour reduction at () NiO, ( )CoOx ,( )CuOx ,(¨)AgOx
4.2 COD and TOC removal during the degradation of RB-5
The effectiveness of electrochemical method was studied in terms of COD and TOC removal. Initial COD and TOC of 
RB-5 solution was 650mg O2/L and 117mg O2/L respectively. Fig 4 presents the COD and TOC removal during the 
degradation of 100 mg/L of RB-5 using Ni, Ag, Co and Cu metal oxide coated titanium based electrodes. The complete
removal of colour was achieved within a short period of time as presented in Fig 1. At the same time, the COD removal was 
52%, 42%, 43%and 36% using Ni, Co, Cu and Ag oxide coated electrodes respectively. It is well known that the removal of 
colour is due to the cleavage of N=N bond in the dye molecule. But the oxidation of aromatic ring compounds takes long 
time. This is the reason that compare to decolourization, degradation is less with tested electrodes. Beyond 40 to 60 minutes
of oxidation COD removal was found very less may be because of the formation of lower molecular weight aliphatic
compounds, resistant to chlorine/hypochlorite attack [17]. Fig 4 is % TOC removal obtained using Ni, Co, Cu and Ag oxide
coated electrodes after one hour of electro-oxidation of RB-5 at pH 2 in presence of chlorine compound. Results indicate
that not more that 60 % TOC reduction was obtained with any of the tested electrodes. Means complete mineralization of 
dye compound in to CO2 or water was not obtained by these tested electrodes. The COD and TOC removal is different for
different electrodes because it mainly depends upon chlorine and oxygen evolution potential [2, 17] based on that indirect 
oxidation takes place. But as commented by Gottesfeld and Srinivasan; the “science” of the OER and CER is a “science” of 
the oxides and their properties [18].There, different metal oxide has different response towards OER and CER giving
different COD and TOC removal.
g
reported that presence of chlorine compound and acidic pH is favourable for high colour reduction with DSA electrodes by 
indirect oxidation mechanism [2] but this is not the case at high pH, may be due to the decreased production of chlorine/ 
hypo-chlorite at higher pH condition [2, 17] This colour reduction can be confirmed by UV-vis spectra of RB-5 recorded 
before treatment and after treatment of 20 minutes with all four DSA electrodes (Fig 2 a). The visible peak at 597 nm in 
initial sample is due to its colour, while the peak at 310 nm was due to the anthraquinone structure of the dye [17]. The peak 
at 597 nm disappeared in treated dyes in all cases but presence of peak at about 320 nm indicates presence of ring structure. 
It clearly indicates that tested electrodes do not give complete destruction of dye molecule and form some intermediates. It 
is known that there are two intermediates of RB-5, vinyl sulphone and H-acid. Comparing peak at 320 nm in treated dye 
with peaks obtained for vinyl sulphone and H-acid at 265nm and 236 nm respectively (Fig 2 b), it can be concluded that 
presence of peak in treated dye in UV region is not due to vinyl sulphone and H-acid. 
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Fig 2.  UV-vis spectra for (a) electrochemical degradation of RB-5 using DSA electrodes (b) 100 mg/L Vinyl sulphon and H-acid 
 
 
Fig 3. Chemical reaction of Reactive black-5  
4.3 ICE and Energy consumption 
    
     In Fig. 5 (a), the change of the ICE with reaction time during the electrochemical treatment is presented. As can be seen 
from the figure, the ICE values for all coated electrodes, shows similar type of trend, and the ICE values in the first 10 
minutes of treatment are higher than those in the last 50 minutes, which indicates that the degradation during the first 10 
minutes of treatment mainly contributes to the whole process.  Fig 5(b) shows the evolution of the energy consumption, in 
kWh/gm of COD, during the electro-oxidation process. The energy consumption below 30 minutes of reaction is 
sufficiently less than those in last 30 minutes indicate that maximum reduction takes place within 30 minutes of reaction 
time. After that, COD reduction is less with respect to power consumption. The lowest energy consumption was observed 
with Ni oxide coated electrode while highest consumption was due to Ag oxide coated electrode. 
(a)  (b)
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mg/L RB-5. However, further investigation is necessary in order to measure service life of tested electrodes for their 
practical application.  
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Fig  5. (a) Evolution of ICE with time at operating condition (b) Evolution of energy consumption with 
 % COD reduction at operating condition () NiO, ( )CoOx ,( )CuOx ,(¨)AgOx 
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